The E. coli OmpP is an F episome-encoded outer membrane protease that exhibits 71% amino acid sequence identity with OmpT. These two enzymes cleave substrate polypeptides primarily between pairs of basic amino acids. We found that like OmpT, ).
INTRODUCTION
The OmpP gene of F plasmids (18) encodes for an outer membrane protease consisting of 292 amino acid residues. OmpP belongs to the omptin family of proteases which includes E. coli OmpT, Shigella flexneri SopA, Yersinia pestis Pla, Salmonella enterica PgtE, and Erwinia pyrifoliae PlaA enzymes (13) . Based on the crystal structure of In addition, both OmpT and OmpP play a role in unwanted proteolysis of recombinant proteins expressed in E. coli. For example, proteins such as XynE of Aeromonas caviae ME-1 (16) , Keratinocyte growth factor-2 (14) , cyclin A (38), E. coli H-NS (7), omega subunit of E. coli RNA polymerase (6) Little is known regarding the regulation, physiological role or biochemical properties of OmpP. Early evidence suggested that its synthesis is regulated by phosphate and the growth temperature (10, 20) , and that it plays a role in the catabolism of peptides under nitrogen limited conditions (1) . The enzyme was first isolated by Henning and coworkers (10) who showed that it exhibits 71% amino acid identity with
OmpT with which it also shares a strong preference for cleavage of polypeptide substrates between pairs of basic amino acids. OmpP is stable over a broad pH range Comprehensive information on the extended subsite specificity of a protease can be obtained by analyzing the cleavage of peptide libraries that are created either chemically or biologically (26, 29) . In particular, the specificities of 30 proteases, spanning all recognized classes, have been studied using techniques relying on phage display (5, 11, 19, 21) . Substrate phage display is based on the selective cleavage of specific peptide sequences sandwiched between the gene pIII minor coat protein of fd bacteriophage and an affinity tag. The phage is immobilized on a solid support via the
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on August 30, 2017 by guest http://jb.asm.org/ Downloaded from affinity tag and, following treatment with a purified protease of interest, clones containing susceptible peptide sequences are cleaved, which in turn releases them from the support, allowing amplification. This process is repeated several times to reveal consensus substrate sequences.
Here, we used substrate phage display that employed a randomized 8-mer library to investigate the specificity of OmpP. The substrate sequences identified from this analysis revealed that the substrate specificity of OmpP is indeed very similar to its homologue, OmpT. However, some significant differences in the substrate preference of the two enzymes were noted and may be relevant to the physiological role of OmpP in F pilus biogenesis and function. We further show that with optimal substrate, OmpP is a very fast enzyme, capable of cleaving peptide substrates with catalytic efficiencies, 
MATERIALS AND METHODS
Bacterial strains, plasmids and media. The E. coli strains and plasmids used in this study are listed in Table 1 . The polyvalent phage display vector fUSE55 which is derived from fUSE5 was used for the construction of peptide libraries (28). Unless otherwise stated, E. coli cells were grown in Luria-Bertani (LB) medium (27) containing the appropriate antibiotics at 37 o C in a shaking incubator.
Construction of phage libraries. First, sequences encoding the FLAG tag (DYKDDDDK) and XhoI restriction site were inserted to the 5' of gene III by ligating a synthetic DNA fragment into the SfiI site of fUSE55, giving rise to fUSE55-FLAG.
Subsequently, the 8-mer library was constructed by PCR using fUSE55-FLAG DNA (100 pg) as template, the 5' primer 5'-GATAAAGGACTCGAGGCTNNKNNKNNKN NKNNKNNKNNKNNKGGGGCCGAAACTGTTGAAAG-3' (where N represents any nucleotide and K represents T/C), and the 3' primer 5'-CAAACGAATGGATCCTCATT AAAGCCAG-3', followed by digestion with XhoI/BamHI and ligation into fUSE55-FLAG (restriction sites are underlined). The ligated DNA (~1 µg) was used to transform electrocompetent E. coli MC1061 (~100 µl) via electroporation. were removed by washing the beads with TBS buffer five times. Subsequently, 0.2 µM purified OmpP was added to the beads and incubation was allowed to proceed at 37 o C for 30 min. Cleaved phages were recovered from the supernatant, titered, amplified, and applied to the next round of selection. Phage that remained bound to the beads were eluted with glycine-HCl solution (pH 3.0) and titrated to assess cleavage efficiency.
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After the indicated rounds, phage plaques were randomly selected for sequencing.
OmpP and OmpT expression and purification. E. coli BL21 (DE3) transformed with plasmid pOP19 or pML19 were grown in LB media containing 100 µg of ampicillin/ml at 37 o C for 12 h. OmpP was purified using a procedure similar to the one used earlier for the purification of OmpT, with minor modifications (17, 25) . Briefly, membrane proteins were solubilized in 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl, Site-directed mutagenesis. Mutants of OmpP were prepared with a PCR-based technique using Pfu polymerase, an enzyme with proofreading activity (37). PCR was performed with the primers shown in Table 2 Following DEAE chromatography, the pooled fractions contained OmpP at a purity >97% as judged by SDS-PAGE (data not shown). The purified OmpP migrated as a 33 kDa band on SDS-PAGE, and was found to have a molecular mass of 33,144, determined by mass spectroscopy, in good agreement with its predicted molecular mass (33,110 Da). These data indicate that the protein is not subjected to N-or C-terminal processing in the cell envelope or during purification.
Egmond and coworkers had shown that OmpT obtained after ion exchange chromatography lacks the tightly bound LPS molecule required for catalytic activity that is in contact with the polypeptide chain in the crystal structure (12). Purified OmpP was similarly inactive, but the catalytic activity could be fully restored by adding a 3 molar excess of LPS from E. coli (Sigma). Purified OmpP was found to be stable at 4 o C and maintained over 90% of its specific activity after two months.
Library construction and screening. A phage library was constructed at the N-
terminus of the pIII protein of fd bacteriophage, which was comprised of the FLAG peptide epitope followed by a randomized sequence of eight amino acids constituting the putative protease cleavage site. The full sequemce used was NH 2 - Using purified OmpP, experiments were conducted to determine optimal conditions for the proteolytic release of phage bound on anti-FLAG coated beads. A control phage was prepared, designated "RR", which encoded the known OmpP substrate sequence GHVVNHRR. In addition a negative control, non-substrate phage, pIII antisera (Fig. 1) . The anti-FLAG antisera will only recognize uncleaved pIII, while the anti-pIII antisera will recognize both cleaved and uncleaved sequences. OmpP at a concentration of 2 µM completely cleaved the positive control phage RR (6.0 × 10 11 pfu), which therefore could no longer be recognized by anti-FLAG antibodies, but was readily detected using anti-pIII antibodies. No cleavage of the same titer of the negative control phage, Non, was detected under these conditions. At very high OmpP concentrations (40 µM), extensive non-specific degradation of the pIII was detected for both substrates in the Western blots.
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Assuming that library phages containing a putative OmpP cleavage site must contain at least one basic residue, and that basic residue are represented at a frequency of 0.125 when using the NNK scheme, at most ~13% of the library phage could possibly be cleaved by OmpP. Consequently, if the same phage titer is employed for library screening as was used for the control experiments described above, a roughly ten-fold lower concentration of enzyme should be sufficient to give complete cleavage.
Based on this rationale, library screening was carried out using 0.2 µM of enzyme. the OmpP hydrolysis products from the peptide WLAASRGAG having a sequence derived form a selected phage clone revealed that cleavage occurred between Ser and the lone Arg and therefore the latter residue occupies the P1' position (see below). Ala was preferred at the P2 position (21% of clones). Thr and Arg were also found to occupy P2 with elevated frequencies (12% for both). A preference for Ser and Ala in the P3 position was also observed (27% Ser and 15% Ala). With the exception of basic residues at the P1 and P1' cleavage sites, Ser occupation of P3 was the most highly conserved feature of selected OmpP substrates, suggesting P3 as an important susbsite in OmpP (Fig. 2) . Overall, small aliphatic amino acids (Gly, Ala, Ser) were favored from P2'-P4'. However, Arg and Glu were found to occupy P3' (21% Arg) and P4' (16% Glu) with elevated frequencies, respectively. OmpT cleaved between the first Arg and the second Arg (Fig. 3) . No secondary cleavage product could be detected in either case.
Site-directed mutagenesis of OmpP. A structural model of OmpP was generated using Swiss PDB -DeepView v. 3.7 (9) and the OmpT crystal structure (PDB code: 1I78) as a template. The generated structural model of OmpP was very similar with that of OmpT,
on August 30, 2017 by guest http://jb.asm.org/ Downloaded from except loop 4 (OmpT residues Asp214-Lys217), in which OmpT displayed a somewhat longer loop 4. Amino acids within 10 Å of 4 key catalytic residues (OmpT residues Asp83, Asp85, Asp210, and His212) were compared (Fig. 4) . Ninety-four amino acids were included for OmpT, and 90 amino acids were included for OmpP. The two enzymes differ by a total of 16 amino acids in this region. Eight of the different residues (Glu28, Leu160, Lys165, Val211, Arg212, Thr214, Phe216, and Ser264 of OmpP) have side chains directed into the active site, and are therefore potential determinants of substrate specificity. Site-directed mutagenesis was used to construct eight OmpP point mutants in which these residues had been substituted with the corresponding amino acids of OmpT (Glu28Leu, Leu160Phe, Lys165Arg, Val211Asp, Arg212Lys, Thr214Ile, Phe216Tyr, and Ser264Asn). Only variant Val211Asp showed a peptide 6 cleavage pattern different from that of wild-type OmpP. Cleavage by the Val211Asp mutant resulted in the OmpP product (cleavage at RR↓R) and OmpT product (cleavage at R↓RR) indicating that this amino acid substitution is partly responsible for the change in cleavage specificity of the two enzymes (data not shown). OmpP confers resistance to elevated concentrations of protamine. An F' episome carrying the ompP gene was introduced into E. coli KS272 and SF100 (KS272 ∆ompT) by conjugation. Cell viability was examined in LB media containing different concentrations of the antimicrobial peptide protamine, MPRRRRSSSRPVRRRRRPRV SRRRRRRGGRRRR. Only E. coli SF100 F' which contains the episomal ompP gene but not SF100 which lacks both OmpP and OmpT, was able to grow with 0.125 mg/ml protamine (data not shown). KS272 the isogenic ompT + parent of SF100 exhibited greater resistance to protamine and was able to grow in the presence of 0.5 mg/ml of the antibiotic (Fig 5A) . However, only KS272 F' could grow at higher protamine concentrations ( Fig 5C) . We also determined the extent of degradation of protamine (0.8 mg/ml) by whole cells using HPLC analysis. After a 30 minute incubation the extent of protamine degradation in KS272 F', KS272, SF100 F' and SF100 was 33%, 21%, 8%,
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DISCUSSION
OmpP and OmpT are highly homologous proteins with 71% identity and 86% similarity at the amino acid level. The level of identity increases to 78% when comparing residues in or near the active sites (i.e. within 10 Å of Asp83, Asp85, Asp210, and His212 for OmpT (34)) (Fig. 4) . This high degree of active site homology might suggest that the substrate specificities of the enzymes should be similar, and in fact, both proteases were found to preferentially cleave peptides between consecutive basic amino acid residues.
The substrate specificity of OmpT has been investigated by several approaches (4, 21, 23, 24) . McCarter et al. (21) determined the optimal subsite occupancy of OmpT using substrate phage display and showed that it has an overwhelming preference for Arg at the P1 and P1' positions, with Lys as a less frequently observed alternative (12% at P1 and 12% at P1', respectively).
In the present studies, we found that like OmpT, OmpP accepts Arg at P1 and P1' in a large fraction of the identified substrates (16/33 and 18/33, respectively). Previous studies indicated that OmpT favors Ala or Phe at the P2 position, while basic and hydrophilic amino acids are disfavored (4, 21) . However, this P2 preference is not absolute as the kinetics analysis in Table 3 showed Glu (peptide 7) or Thr (peptide 5) are allowed at P2 of both OmpP and OmpT, although the k cat /K m values of the latter were almost an order of magnitude lower. Striebel and Kalousek investigated the specificity of OmpP using radioactively labeled precursor proteins (30).
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They reported that OmpP cleaved the Neurospora ubiquinol-cytochrome c reductase iron-sulfur subunit precursor between Arg and Ala and rat ornithine transcarbamylase precursor between Ala and Leu. These findings disagree with earlier data (10) and with our analysis presented here. Furthermore, we could not detect any cleavage of peptides lacking a basic residue (data not shown).
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In conclusion, using substrate phage libraries, we have found that in general, the substrate specificity of OmpP is similar to that of OmpT, with some important differences. In particular, differences in OmpP and OmpT fine specificities include the fact that OmpP appears to accept Lys at both P1 and P1' somewhat better than OmpT, and we observed a prominence of Ser at P3 in OmpP substrates. Likewise, OmpP showed higher activity for cleavage for a peptide possessing three consecutive Arg residues. The high activity of OmpP on peptides having consecutive Arg residues is likely to be significant for the detoxification of antimicrobial peptides. Indeed, we found that conjugative transfer of an F' episome containing the ompP gene results in faster degradation of protamine in turn allowing cell growth to proceed in the presence of higher concentrations (1 mg/ml) of this antimicrobial peptide. Wild-type E. coli cells expressing only OmpT do not survive under these conditions. Thus it appears that OmpP acts synergistically with OmpT to enhance the ability of E. coli to resist the action of cationic antimicrobial peptides in host organisms.
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FIG. 2. Frequency of occurrence of amino acids at P4-P1 (A) and P1'-P4' (B)
positions within phage from random 8mer peptide library cleaved by OmpP.
These data represent the frequency of occurrence for each amino acid residue found at each of the substrate positions in 33 different phage peptides obtained from sequencing.
A frequency greater than 5 is considered to be important, and therefore, the y axis is cut off at this value. 
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